Ag-sheathed CaKFe4As4 superconducting tapes have been fabricated via the ex-situ powder-in-tube method. Thermal and X-ray diffraction analyses suggest that the CaKFe4As4 phase is unstable at high temperatures. It decomposes into the CaAgAs phase which reacts strongly with the silver sheath. We therefore sintered the tape at 500 °C and obtain a transport critical current density Jc(4.2 K, 0 T)~ 2.7 × 10 4 A/cm 2 . The pinning potential derived from magnetoresistance measurements is one order of magnitude lower than that of the (Ba/Sr)1-xKxFe2As2 tapes. Combining with the scanning electron microscopy and magneto-optical imaging results, we suggest that bad connectivity between superconducting grains caused by the low sintering temperature is the main factor responsible for the low Jc. However, this system is still a promising candidate for superconducting wires and tapes if we further optimize the post-annealing process to achieve better grain connectivity.
Introduction
The iron-based superconductors (IBSs) are of great interest from a basic point of view as well as in light of practical application [1] . In spite of the large varieties of IBSs with different crystal structures discovered so far, vortex pinning and anisotropy place fundamental restrictions on the current carrying ability. Furthermore, the high field performance of iron-based superconducting wires and tapes fabricated by the powder-intube (PIT) method [2] depends on other extrinsic factors, i.e. the purity of the precursors, the compatibility to the sheath material, the density and texture of the superconducting core, and particularly, the homogeneity of the superconducting phase. After ten years of research and design, the optimally doped (Ba/Sr)1-xKxFe2As2 has emerged as the dominant material used in iron-based superconducting wires and tapes. On one hand, the quality of the (Ba/Sr)1-xKxFe2As2 precursor has progressively improved due to mature synthesis processes [3] . On the other hand, plenty of technologies, including flat rolling [4, 5] , cold [6, 7] and hot [8] uniaxial pressing, hot isotropic pressing [9] [10] [11] , as well as double sheath architecture [12] have been applied in the manufacturing process to enhance the texture and density of the superconducting core. Based on these efforts, the critical current density Jc of the (Ba/Sr)1-xKxFe2As2 superconducting tapes at 4.2 K and 10 T has been gradually improved and now surpasses the level needed for practical applications [13] . Nevertheless, like other doped IBSs, the superconductivity of the BaK122 system is compromised by the non-uniformly distributed K atoms [14] . The inherent potassium clustering causes an inhomogeneous Jc distribution due to its sensitivity to K content [15] . It deteriorates the overall current carrying capability of the iron-based superconducting wires and tapes, especially at long lengths. Consequently, finding a non-doped, stoichiometric iron-based superconductor becomes vitally important for practical applications.
The recently discovered CaKFe4As4 superconductor is prominent among stoichiometric IBSs owing to its high superconducting transition temperature of Tc ~ 35 K [16] which is competitive with the optimally K doped FeAs122 system. In contrast to the (Ca0.5Na0.5)Fe2As2 solid solution with I4/mmm space group, CaKFe4As4 possesses a P4/mmm structure with the Ca and K layers alternately stacked between the Fe2As2 layers.
Potassium doping on the alkaline earth element site unavoidably introduces substantial disorders whereas CaKFe4As4 is structurally ordered with Ca and K occupying different layers. In addition, there is no structural or magnetic phase transition [17] , so one could consider this system as an optimally-doped ordered system. The upper critical field Bc2 of the CaKFe4As4 singe crystal is 71 T with the field parallel to the c axis and 92 T for the field perpendicular to the c axis [17] . The anisotropy parameter γ below 30 K is less than where 0 is the flux quantum, ξ=2.15 nm is the coherence length, λ=133 nm is the penetration depth [18] . This J0-value is even larger than seen in other FeAs122 superconductors [19] . Further magnetic measurements on CaKFe4As4 single crystals indicate that the critical current density Jc at 10 T is nearly 1 MA/cm 2 with the field parallel to the c axis [20] . Moreover, it exhibits a more robust temperature dependence than the BaK122 counterpart, making it very promising to be used not only at liquid helium temperature, but also at intermediate temperatures accessible with cryocoolers.
In this paper, we synthesize the CaKFe4As4 precursor with a two-step method. The differential thermal analysis (DTA) on the precursor indicates a transition at 522 °C that is believed to be associated with the decomposition of the CaKFe4As4 phase. Therefore, we anneal the tape at 500 °C and achieve a Jc of 2.7 × 10 4 A/cm 2 at 4.2 K and self-field. We demonstrate that bad connectivity between the superconducting grains due to low temperature sintering limits the overall critical current performance and indicate the need for a well-controlled post-annealing method to avoid the decomposition reaction in order to reach higher Jc in this system.
Experimental details
In order to improve the homogeneity, we synthesized the precursor according to a twostep method [3] . We firstly prepared the intermediate compounds with nominal compositions CaAs and KAs at 700 °C and 400 °C, respectively. These intermediates were then mixed with Fe powders and As pieces according to the nominal composition Ca1.15K1.05Fe4As4. Excess CaAs and KAs were added to compensate for the loss of K and Ca during the heat treatment. The mixtures were ball milled for 10 hours in Ar atmosphere, sealed in a Nb tube afterwards and directly inserted into a preheated furnace at 900 °C.
After 30 hours of sintering, the Nb tube was quenched to room temperature [16] .
Considering the strong reaction between Cu/Fe and iron-pnictides, we chose Ag as the outer sheath material. After grinding the CaKFe4As4 precursor into powders, we loaded them into a silver tube with outer and inner diameters of 8 mm and 5 mm, respectively. The tube was swaged, drawn and rolled into a 0.4 mm thick tape. We cut the tape into short samples and finally annealed them at temperatures between 500 o C and 800 o C.
The X-ray diffraction (XRD) patterns of the precursor and the tapes were performed on a Bruker D8 Advance X-ray diffractometer. We analyzed the diffraction patterns by
Rietveld refinement. The thermogravimetric (TG) and differential thermal analyses (DTA)
were performed on a Synchronous thermal analyzer (Netzsch; STA 499 F3) at a heating rate of 20 °C/min. The average composition of the superconducting core is determined by an electron probe micro-analyzer (EPMA). The transport critical current Ic was measured at 4.2 K via a four-probe method with a criterion of 1 μV/cm at the High Magnetic Field Laboratory (CHMFL, Hefei). We measured the resistivity of the superconducting core on a Physical Property Measurement System (PPMS). The microstructure of the tape was analyzed by scanning electron microscopy (SEM, Zeiss SIGMA). The magneto-optical image (MOI) of the superconducting core was obtained using an optical cryostat (Montana Instruments) at Argonne National Laboratory. We polished the superconducting core after tearing off the silver sheath on that side. A Bi-substituted iron-garnet indicator film was placed in direct contact with the superconducting core as magnetic field sensor [21] . The magnetic field generated from a homemade cooper coil is applied with the direction perpendicular to the tape surface.
Results and discussion [22] and found that the P4/mmm structure is sensitive to temperature and observe that CaKFe4As4 is only stable below a critical temperature of T'~780 K (507 °C). At higher temperatures, the 122 phase with I4/mmm structure will dominate. In order to obtain a comprehensive understanding of the phase transition during the post-annealing process and evaluate a precise value of T', we perform thermal gravity (TG) and differential thermal analysis (DTA) on the precursor. Fig.2 shows the TG and DTA curves of the precursor under an argon atmosphere. The loss of the mass due to the evaporation of potassium is not as evident until the temperature is close to the melting temperature Tm~950 °C at which point there is a sharp endothermic peak. At intermediate temperature, there is a sharp exothermic peak at 522 °C, which is consistent with the theoretical prediction of the decomposition of the 1144 phase.
In order to verify this prediction, we annealed the CaKFe4As4 tapes in vacuum at different temperatures. As shown in Fig.3 , all the diffraction peaks of the tape annealed at 500 °C for 0.5 hour can be well indexed with the P4/mmm space group. There is no evidence for secondary phase. One can see a great enhancement of the intensities of the at the interface. KFe2As2 is a superconductor with Tc~3.5 K [26] , while CaAgAs is a topological insulator [27] . These phases deteriorate the superconductivity of CaK1144 at FeAs122 tapes which have a proper sintering temperature widow ranging from 700 °C to 900 °C, we suggest that the CaKFe4As4 tapes can only be post-annealed below the critical temperature.
We measure the critical current of the CaKFe4As4 tapes annealed at different temperatures. As expected, all the tapes sintered at 700 °C and 800 °C shows no trace of supercurrents at 4.2 K. In contrast, we do observe a supercurrent in the tape post-annealed at 500 °C, as shown in Fig.4 . At 0 T, the transport Jc is 2.7 × 10 4 A/cm 2 (critical current Ic~129 A). With increasing field, the critical current density exhibits a strong field dependence and decreases to a value at 10 T that is nearly one-tenth of that at self-field.
Furthermore, there is a clear hysteresis, indicating a weak-link effect in this sample. The transport Jc at 4.2 K and 10 T is 2.2 × 10 3 A/cm 2 . This value is one order of magnitude larger than the 1111 [28] and Co-doped 122 rolled tapes [29] , and much smaller than that of the K-doped 122 rolled tapes [3] .
The main panel of Fig. 5(a) shows the temperature dependence of normalized resistance at 0 T. The silver sheath is peeled off before the measurement. With decreasing temperature, the resistance exhibits a metallic like behavior and suddenly drops at Tc~35 K. The residual resistance ratio is RRR=ρ(300k)/ρ(35K) =4.65, close to that of the hot pressed Sr0.6K0.4Fe2As2 tapes [30] . However, the superconducting transition width ΔTc~5 K is rather large, which may be caused by bad connectivity. As shown in the insets of Fig.5(a 
U0(H)=-dln ρ/d(1/T).
We depict the field dependences of U0 for the two field directions in Fig.5(c) . The pinning potential at 0.5 T with the field perpendicular to the tape is 650 K. It is much smaller than the K-doped 122 single crystal and tape [13, 32] , implying weak thermal barrier against vortex motion. The pinning potential shows a weak power-law field dependence, namely U0∝B -n , with n = 0.12 and 0.14 for field perpendicular and parallel to the tape surface, respectively, manifesting a small anisotropy. We firstly cool the sample to 5 K in zero field. Then we increase the field to 82.7 mT and decrease it to zero to prepare the sample in the remanent state. We can see two bright areas corresponding to the thickest sections of the superconducting core which trap a high vortex density. The transverse feathering feature may be due to residual damage and cracking arising in the rolling process. The bright contrast along the center-line of the sample represents negative vortices which are generated by the return field from the vortices trapped in the thicker sample sections on either side.
Conclusions
In summary, we have fabricated Ag-sheathed CaKFe4As4 tapes by ex-situ PIT method.
We find that CaKFe4As4 is unstable at high temperature. It tends to decompose into CaFe2As2, which strongly reacts with the silver sheath during the annealing process.
Therefore, we sintered the tape at 500°C and obtained a self-field Jc of 2.7 × 10 4 A/cm 2 at 4.2 K and self-field. The Jc exhibits a strong field dependence and decreases to 2.2 × 10 3 A/cm 2 at 10 T. Magneto-transport and magneto-optical imaging reveal weak-link effects in the tape. The pinning potential derived from the magnetoresistance measurement is one order of magnitude smaller than that of the Ba1-xKxFe2As2 tapes. Coupled with the SEM image, we conclude that bad connectivity between grains due to low temperature sintering is the main factor limiting the critical current at high fields. Considering the inherent high critical current density in the CaKFe4As4 single crystal, the polycrystalline wires and tapes are quite promising for practical application if a proper post-annealing process is applied to enhance the grain connectivity.
